Cleft palate is among the most common birth defects. Currently, only 30% of cases have identified genetic causes, whereas the etiology of the majority remains to be discovered. We identified a new regulator of palate development, protein arginine methyltransferase 1 (PRMT1), and demonstrated that disruption of PRMT1 function in neural crest cells caused complete cleft palate and craniofacial malformations. PRMT1 is the most highly expressed of the protein arginine methyltransferases, enzymes responsible for methylation of arginine motifs on histone and nonhistone proteins. PRMT1 regulates signal transduction and transcriptional activity that affect multiple signal pathways crucial in craniofacial development, such as the BMP, TGFβ, and WNT pathways. We demonstrated that Wnt1-Cre;Prmt1 fl/fl mice displayed a decrease in palatal mesenchymal cell proliferation and failure of palatal shelves to reach the midline. Further analysis in signal pathways revealed that loss of Prmt1 in mutant mice decreased BMP signaling activation and reduced the deposition of H4R3me2a mark. Collectively, our study demonstrates that Prmt1 is crucial in palate development. Our study may facilitate the development of a better strategy to interrupt the formation of cleft palate through manipulation of PRMT1 activity.
Introduction
Cleft palate is among the most common congenital defects, affecting nearly 1 in 700 live births (Gorlin et al. 2001; Mossey and Modell 2012) . It represents a significant burden to the health care system and demands multidisciplinary treatment starting shortly after birth and extending to adulthood (Schoen et al. 2017) . At present, only 30% of cases have identified genetic causes, whereas the etiology of the majority remains to be discovered (Jugessur et al. 2009; Dixon et al. 2011) . During palate development, neural crest (NC)-derived cells migrate to the maxillary process and grow downward, flanking the developing tongue to form the palatal shelves. The palatal shelves then elevate, grow toward the midline, and fuse to form the roof of the oral cavity (Chai and Maxson 2006; Bush and Jiang 2012; Lan et al. 2015) . Concomitant with palate development, the surrounding craniofacial tissues undergo significant growth and reorganization. During this period of morphogenesis, intrinsic defects in CNC cell migration, palatal shelf growth, elevation, or fusion can perturb palatogenesis and cause cleft palate. Cleft palate can also occur when malformation of surrounding structures impedes the elevation or contact of the palatal shelves at the proper developmental stage (Bush and Jiang 2012) .
Palate development is precisely coordinated by a complex network of signaling pathways, including BMP, TGFβ, FGF, SHH, Notch, and WNT (Bush and Jiang 2012; Graf et al. 2016) . Signaling activities of these pathways are controlled by posttranslational modification of signal mediators. For example, phosphorylation of Smad1 proteins by BMP-stimulated receptors leads to the transcriptional activation of Smad1 target genes and alterations of cell behavior. We recently identified another type of posttranslational modification, methylation, which controls signaling activity (Xu et al. 2013) . Protein methylation on arginine motifs is catalyzed by a group of enzymes called protein arginine methyltransferases (PRMTs) 1 to 9. Among them, PRMT1 is the major methyltransferase, responsible for >85% of the arginine methylation activity in mammalian cells (Tang et al. 2000) . Deletion of this enzyme in mice causes lethality shortly after implantation (Pawlak et al.
2000). The roles of PRMT1 have been identified in epigenetic regulation and transcription. PRMT1 methylates histone H4 at arginine 3 (H4R3), generating the H4R3 asymmetric dimethylation mark (H4R3me2a), which is essential for transcriptional activation (Wang et al. 2001) . PRMT1 is also involved in multiple signaling pathways that are critical for palate development. PRMT1 is required to initiate BMP-induced signaling via methylation of the inhibitory Smad6 (Xu et al. 2013) . PRMT1 also promotes TGFβ signaling through methylation of Smurf2 (Cha et al. 2015) . Similarly, PRMT1 induces overactivation of EGF signaling and sustained cell proliferation through methylation of EGFR (Liao et al. 2015) . However, PRMT1 negatively regulates the WNT/β-catenin pathway via methylation of Axin, G3BP1/2, and Dvl3 Bikkavilli and Malbon 2011; Cha et al. 2011) . While PRMT1 plays critical roles in the regulation of these signal pathways, whether PRMT1 regulates palate development in vivo is unknown.
In this study, we disrupted PRMT1 function in neural crest cell (NCC)-derived tissues using Wnt1-Cre. NCC-specific deletion of Prmt1 caused cleft palate and craniofacial malformations, including reductions in the size of the head, mandible, and tongue. In the Prmt1-deficient mice, palate mesenchymal cell proliferation was dramatically reduced, and palatal shelves failed to reach the midline, resulting in a complete cleft palate phenotype. We further demonstrated a significant repression of BMP signaling and reduction in histone modification at H4R3me2a, both of which are critical for cell proliferation and cell cycle progression. Our results highlight the physiologic significance of PRMT1 during palate development.
Materials and Methods

Generation of Transgenic Mice
Prmt1
fl/fl mice were provided by Dr. Stéphane Richard (McGill University, Canada; Yu et al. 2009 
Results
NCC-Specific Deletion of Prmt1 Causes Cleft Palate and Multiple Craniofacial Malformations
PRMT1 is the major arginine methyltransferase in mammalian cells. Because of its functional importance, loss of Prmt1 leads to lethality early during development, before embryonic day 7.5 (E7.5) in the mouse (Yu et al. 2009 ). To study the roles of PRMT1 during craniofacial development, we generated an NCC-specific deletion of Prmt1 using a Wnt1-Cre driver. The Wnt1-Cre;Prmt1 fl/fl mice died soon after birth and exhibited multiple craniofacial defects, including a complete cleft palate and a smaller head, mandible, and tongue ( Fig. 1A-N) . With cleft palate, pups cannot create suction to obtain milk (Enomoto et al. 2010; Baek et al. 2011) . The mutant newborns with complete cleft palate consistently showed an absence of milk spots (Appendix Fig. 1A, B) .
The Prmt1 mutant mice exhibited a complete cleft palate with a 100% penetrance in >60 mice studied, when the palates were analyzed along the anterior-posterior axis at newborn stage (Fig. 1C, D , G, H; Appendix Fig. 1C-H) . The heads of Prmt1 mutant mice were smaller at the newborn stage, exhibiting a 14.7% decrease in head length (Fig. 1O) . Craniofacial structures surrounding the palate, including the mandible and tongue, also exhibited a reduction in size. We analyzed the mandibles using micro-computed tomography scans, followed by 3-dimensional reconstruction at the newborn stage, and observed a 17% decrease in mandibular length, proportional to the reduction in the head size in Wnt1-Cre;Prmt1 fl/fl mice (Fig.  1O ). These findings were also confirmed with skeletal staining that showed shorter mandibles (Fig. 1M, N 
NCC-Specific Deletion of Prmt1 Causes a Developmental Delay and Compromises the Growth of Palatal Shelves
Palate morphogenesis in the Wnt1-Cre;Prmt1 fl/fl mutant embryos was analyzed at multiple stages and positions. At E13.5, when palatal shelves of the control embryos grew downward flanking the tongue, the mutants were morphologically similar to the controls ( Fig. 2A-F) . At E14.5, when palatal shelves of the control mice elevated to reach the midline, the mutant embryos showed a delay in development but no adherence to opposing tissues ( Fig. 2A′-L′) . At E15.5, when palatal shelves of control mice were completing fusion at the midline, palatal shelves of mutant mice had elevated but failed to reach the midline at all positions examined, from anterior, medial, to posterior palate ( Fig. 2M-R) . At the newborn stage, the mutant mice displayed a complete cleft palate phenotype ( Fig. 2S-X ). These data suggest that NCC-specific loss of Prmt1 compromised the growth of the palatal shelves.
Prmt1 Deficiency Impairs Cell Proliferation in Palatal Mesenchyme
Palatal development is controlled by NCC migration, proliferation, and survival. We investigated whether any of these processes were altered in Wnt1-Cre;Prmt1 fl/fl embryos. First, we determined that NCC migration was not impaired. We analyzed the expression profile of neural crest-derived, tdTomato-labeled cells in Wnt1-Cre;R26R tdTomato (control) and Wnt1-Cre;Prmt1 fl/fl ;R26R tdTomato (mutant) embryos. There was no difference in the expression pattern of tdTomato-labeled cells between control and mutant embryos at E10.5 or E13.5 ( Fig. 3A-D) , demonstrating that the formation and migration of neural crest-derived mesenchymal progenitors were unaffected. Next, we identified a significant reduction in the proliferation of palatal mesenchymal cells. The majority of palatal mesenchymal cells are derived from NCCs. We found that, in mutant mice, the ratio of BrdU-positive cells was significantly decreased in the NCC-derived palatal mesenchyme but not in the palatal epithelium, indicating a reduction in mesenchymal cell proliferation ( Fig. 3E-H) . Third, we found that cell apoptosis was not altered. The number of TUNEL-positive cells was very low in the palatal shelves of both groups and the number of TUNEL-positive cells was not different between control and mutant mice at any stage examined (Fig. 3I-L) . As positive controls, TUNEL-positive apoptotic cells were observed in Meckel's cartilage and the mandibular region (Appendix Fig. 3D -G). These results indicate that loss of Prmt1 in NCC-derived tissues impairs palatal mesenchymal cell proliferation without altering cell migration or apoptosis.
Prmt1 Deficiency Inhibits BMP Signaling Activation and Affects Histone Modification
PRMT1-mediated methylation of signaling mediators regulate TGFβ, BMP, and WNT pathways, all of which are critical for palatogenesis and control cell proliferation (Bikkavilli and Malbon 2011; Biggar and Li 2015) . We therefore assessed whether BMP, TGFβ, and WNT signaling pathways were altered in Wnt1-Cre;Prmt1 fl/fl embryos. We previously reported that PRMT1-mediated methylation controls BMP signaling activation (Xu et al. 2013) . Therefore, loss of Prmt1 may impair BMP-induced Smad1/5/9 phosphorylation and reduce the activation of downstream target genes. We examined Smad1/5/9 phosphorylation in palatal shelves from control or Prmt1-deficient mice at E13.5 by immunostaining. In Prmt1-deficient palate, we observed a significant reduction of Smad1/5/9 phosphorylation in the NCC-derived palatal mesenchyme (Fig. 4A, B ). These findings were further supported by Western blot analysis at E14.5, in which phospho-Smad1/5/9 decreased in mutant palatal shelves. The total levels of Smad1 also showed a moderate decline in the mutant at E14.5 (Fig. 4C , first and second rows, 4D). PRMT1-mediated methylation is also known to regulate the TGFβ pathway (Cha et al. 2015) . We examined Smad2 and Smad3 phosphorylation and noted no change in mutant palatal shelves by immunostaining and Western blot analysis (Appendix Fig. 2A-D; Fig. 4C , third to sixth, rows, 4D). There was a significant decrease in phospho-Smad2, as shown with densitometry (Fig. 4D) ; however, the magnitude of this change was only 15%. Similarly, activity of the WNT pathway was unchanged in control and mutant palatal shelves (Appendix Fig. 2E, F; Fig. 4E, F) .
PRMT1 also regulates histone methylation. PRMT1 methylates H4R3 to generate the H4R3me2a mark that is a prerequisite for histone tail acetylation and an "open chromatin," which allows transcriptional activation Wang et al. 2001; Huang et al. 2005) . We examined H4R3me2a in palatal shelves and identified that Prmt1 deficiency dramatically decreased the H4R3me2a level (Fig. 4G, H) . Taken together, our studies indicate that NCC-specific Prmt1 deficiency leads to a significant reduction of BMP-Smad1/5/9 signaling and a decrease in the levels of the H4R3me2a mark.
Prmt1 Deficiency Causes Downregulation of Cyclin D1 Expression
To further define the molecular mechanisms of reduced cell proliferation in the Prmt1-deficient palate, we compared the transcription profile of control and mutant palatal shelves at E14.5 using RNA sequencing and identified 1,782 genes that were differentially expressed. Through Ingenuity Pathway Analysis, we identified the BMP pathway as a significantly inhibited pathway (P = 4.51E-18, Z score = −2.287 for BMP2; P = 2.08E-07, Z score = −1.832 for BMP4) with 61 BMP downstream genes that were differentially expressed in Wnt1-Cre;Prmt1 fl/fl palates as compared with controls ( Fig. 5A) , supporting our findings that BMP signaling was repressed in the mutant palate (Fig. 4A-C) . We identified Ccnd1 among the repressed genes downstream of BMP signaling. This gene encodes cyclin D1, which controls palate mesenchyme cell proliferation (Lan and Jiang 2009) . To further confirm that Prmt1 deficiency induced downregulation of Ccnd1, we analyzed the expression of cyclin D1 in palatal shelves by immunostaining at E13.5 and E14.5. The ratio of cyclin D1-positive cells was significantly decreased in palatal mesenchyme of mutant mice (Fig. 5B-F) , demonstrating that Prmt1 deficiency causes downregulation of cyclin D1 to decrease proliferation. embryos. From E13.5 until E15.5, when cleft palate was prominent in mutant embryos, mandibular size remained proportional to head length in the mutant mice (Appendix Fig. 3A-I) , although the head size and mandible size were 10% to 20% smaller in the mutant mice. The mutant mandible also exhibited a normal symphysis of the Meckel's cartilage (Appendix Fig.  3J, K) . At these stages, cell proliferation and apoptosis in the mandibular primordium were indistinguishable between mutant and control samples (Appendix Fig. 4A-G) . We further studied whether Prmt1 deficiency disrupted osteogenic differentiation by analyzing the expression of Sp7, a marker for osteogenic progenitors. At E13.5 and E14.5, there was no significant difference in the expression pattern of Sp7 between control and mutant embryos (Appendix Fig. 4H-K) .
Osteogenic Progenitor Formation in the Mandibles and Muscle Formation in the Tongue
Next, to evaluate whether tongue malposition caused cleft palate in Wnt1-Cre;Prmt1 fl/fl mice, we examined tongue morphogenesis. NC-derived cells constitute the tongue interstitium and promote mesoderm-derived muscle progenitor differentiation. We evaluated tongue muscle formation using 3 myogenic markers: MyoD for myogenic progenitors, myogenin for differentiated myoblast, and MHC for mature muscle fibers. There was no alteration in the expression of any marker, suggesting that tongue muscle differentiation and patterning were not disrupted (Appendix Fig. 5A-F ).
These data demonstrate that the palatal defects are much more pronounced than mandibular and tongue defects in mutant mice, suggesting the palate-intrinsic cause of malformation.
Discussion
In this study, we investigated the function of PRMT1 in craniofacial development, through genetic ablation in postmigratory NC-derived cells using Wnt1-Cre. The loss of Prmt1 resulted in a complete cleft palate. The Wnt1-Cre; Prmt1 fl/fl mice died shortly after birth with no milk in the stomach (Appendix Fig.  1A, B) , consistent with the notion that cleft palate impairs suckling for milk and is therefore associated with perinatal death (Enomoto et al. 2010; Baek et al. 2011 ). To our knowledge, this is the first demonstration that arginine methylation by the major arginine methyltransferase PRMT1 is required for palate development.
Protein arginine methylation is a form of posttranslational modifications that is as common as phosphorylation and ubiquitination (Larsen et al. 2016) . It is carried out by the PRMT family of enzyme (Bedford and Clarke 2009) . Within this family, PRMT1 is the major PRMT that controls the activity of signal pathways through methylation of signaling mediators and epigenetic modifiers. The importance of this methyltransferase is evidenced by the finding that genetic deletion of Prmt1 results in the loss of >85% of arginine methyltransferase activity (Tang et al. 2000; Yu et al. 2009 ). Although extensive work has been conducted to reveal functions of PRMT1 in cancer, through controlling signal transduction, transcription, RNA processing, and DNA repair, the roles of PRMT1 in craniofacial development were unknown prior to our study.
We previously identified that PRMT1 initiates BMP signaling. PRMT1 methylates the inhibitory Smad, Smad6, at the N-terminal region, which relieves Smad6-mediated inhibition of membrane-bound BMP receptors and initiates Smad1 activation (Xu et al. 2013) . Depletion of Prmt1 in mammalian cells or Drosophila leads to the reduction of Smad1 activation (Xu et al. 2013) . PRMT1 also modulates other signal pathways in cancer cells. It promotes TGFβ-Smad2/3 signaling through methylation of Smurf2 (Cha et al. 2015) and represses the WNT-βcatenin pathway via methylation of Axin, G3BP1/2, and Dvl3 Malbon 2011, 2012; Cha et al. 2011; . Because the BMP, TGFβ, and WNT pathways are known to play critical roles during palate development, we analyzed their activity. We observed that in the Prmt1 mutant mice, activation of Smad1/5/9 downstream of BMP was reduced in palatal mesenchymal cells (Fig. 4A-D) , which echoes our earlier report (Xu et al. 2013 ). Smad2, Smad3, and nuclear β-catenin activation were not altered in the palatal shelves of Prmt1 mutant mice ( Fig. 4C-F ; Appendix Fig. 2A-F) . PRMT1 showed more specific signaling effects as compared with the identified roles in cancer cells. This can be explained by several mechanisms. First, the signaling effects of PRMT1 may be controlled by the availability of substrates in palatal mesenchyme. For instance, Smurf2 expression is low in the NC-derived palatal mesenchyme, although it is highly expressed in the palatal epithelium; therefore, NC-specific deletion of PRMT1 may not cause a dramatic change to TGFβ signaling through Smurf2 methylation during palate development (Tateossian et al. 2009 ). Second, the signaling effects of PRMT1 may be limited by compartmentalization at the subcellular level. These types of regulation have been exemplified by findings on WNT signaling, in which cilia transport the β-catenin cofactor Jbn to distal regions to decrease β-catenin-Jbn complex formation and reduce nuclear import of β-catenin (Lancaster et al. 2011) . We reported previously that PRMT1 resides in multiple subcellular compartments and that PRMT1-mediated regulation of BMP signaling is associated with membrane-bound PRMT1 in cultured keratinocytes (Xu et al. 2013) . The functional specificity of PRMT1 during palate development may also be controlled by compartmentalization, and the detailed mechanisms await further investigation.
Palate development is a multistep process that involves palatal shelf growth, elevation, adhesion, and fusion (Bush and Jiang 2012) . In Prmt1 mutant mice, the mutant palatal shelves failed to elevate at E14.5, indicating a developmental delay. Although palatal shelves of mutant mice elevated at E15.5, they failed to reach the midline. We further showed a reduction of cell proliferation in the palatal mesenchyme, suggesting growth arrest of the palatal shelves. In support of these findings, cyclin D1 expression was dramatically reduced in palatal mesenchymal cells, resulting in cell cycle arrest. The reduction in cyclin D1 expression was first revealed by RNA-sequencing analysis to profile differentially regulated genes in Wnt1-Cre;Prmt1 fl/fl palates as compared with controls. Using the Ingenuity Pathway Analysis software for bioinformatic analysis, we further identified the BMP pathway as a significantly inhibited pathway in the mutant palate, lending support to the notion that PRMT1 mediates regulation of BMP signaling. In palatogenesis, the BMP signal promotes cyclin D1 expression through direct and indirect mechanisms (Liu et al. 2003; Lan and Jiang 2009; Bonilla-Claudio et al. 2012; Parada and Chai 2012; Gou et al. 2015) . Complementary to these documentations, we identified Ccnd1, the gene encoding cyclin D1, as one of the BMP downstream genes through RNA-sequencing analysis. Therefore, we propose that Prmt1 deficiency in palatal mesenchyme represses BMP signaling, which leads to a reduction in cyclin D1 expression that inhibits proliferation and thereby impairs palatal mesenchyme growth.
The Prmt1 mutant palatal mesenchyme displayed a 31% reduction in cell proliferation at E14.5; however, cell proliferation in the mandibular primordium was not affected at the same developmental stage, although the head size and mandibular length were decreased by 10% to 20% in Prmt1 mutant mice. These data suggest that in different NC-derived tissues, PRMT1-regulated signaling pathways employ distinct developmental kinetics. Further analysis is needed to define distinct PRMT1-regulated signaling mechanisms in various NC-derived tissues.
Taken together, our study revealed critical roles of PRMT1 in craniofacial development, especially palatogenesis. We showed that Prmt1 deficiency in NC-derived cells caused cleft palate and craniofacial malformations in the mandible and tongue. From the clinical perspective, manipulation of PRMT1 activity is potential therapeutic approach to reduce the risk of cleft palate.
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